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SUMMARY

The effects of gravity on boiling from a flat
horizontal surface is investigated in the heat flux
range defined as the discrete bubble region for var-
ious subcoolings, fluid properties and heat transfer
rates. The zero gravity data were obtained by
allowing the experimental package to free fall in a
100 foot drop tower, which permitted the attainment
of less than 10-° times earih gravity. Dabe teken
from high speed motion pictures indicated that boil-
ing was independent of gravity at high subcooling
and that the transition from the discrete bubble
region cccurred at a lower heat flux in zero gravity
than in normal gravity. Application of an analysis
to the data indicated that a newly defined pressure
force was of major importance in bringing sbout
bubble separation.

Introduction

In the lasi decade the scientific community has been
confronted with a whole new class of problems
because of the desire of man to travel in the low
gravity environment of space. Tanks containing
cryogenic liquids used as rocket propellants, and

in life support systems, will be subjected to energy
input from solar radiation and other sources. For

a sealed tank this energy input will cause the tank
pressure to increase and as a result the liquid bulk
may become subcooled (Ref. 1). Consequently, one of
the areas of interest for reduced gravity research
has been heat transfer and, in particular, the sub-

cooled nucleate bolling process

The pioneering work in this fileld was carried out by
Dr. Robert Siegel and co-workers (Refs. 2 to 6) at
the Lewis Research Center. These investigators,

using a 12% foot drop tower which made available

approximately 1 second of reduced gravity time,
photographed the gravitational effect on water boil-
ing at saturation conditions. This work revealed
the importance of bubble dynamics on heat transfer
processes in low gravity environments.

The purpose of this paper is to present a summary of
the results of an extension of this initial effort
to study the effect of zero gravity on boiling for
various subcoolings, fluid properties, and heat
transfer rates (Refs. 7 and 8). Analysis of the
photographic date included a statistical study of
the meximum redii and lifetimes of the generated
bubbles and calculaticn of the foreces acting during
the growth and collapse of the bubbles on the gen-
erating surface. From these results, Iinterpreta-
tions regerding the dynamics of bubbles and effects
on the boiling processes are made and discussed.

SYMBOLS
D diameter, ft

F Force, lb-force

Fp buoyancy force, lb-force

Fp  drag force, lb-force

FDy dynamic forece, lb~force

FP pressure force, lb-force

Fs total surface tension force, lb-force

Fsy surface tension force, lb-force

g acceleration due to gravity, ft/secz

g. gravitational constent, (1lb-mass/lb-force)
(ft/sec?)

go standard _scceleration of gravity on earth,
ft/sec

R radius measured from bubble center of mass, ft

radius of curvature of top surface, ft

7

+ time, sec

V  bubble total volume, £t3

V, bubble volume directly over base, £t3

Y distance above heater surface to bubble center

of mass, ft

" dynamic viscosity (lb-force)(sec)/ft2

v velocity, ft/sec
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fu) density, lb-mass/ft3
[} surface tension, lb-force/ft
T dimensionless time

4] contact angle

Subscripts:
b base
1 liquid

max maXimum

S heater surface.

Sat saturated conditions
v vapor

ANALYSIS

Bubble Model

In order to calculate the volume and center of mass
of the generated vapor mass, a bubble model is
assumed. The only restrictions placed on the model
are that it is symmetric with respect to the y-axis,
a3 shown in figure 1, and that the surface of the
bubble directly over the base is a spherical segment.
Simple geometric formulas cannot be used to calcue
late bubble total volume because of the general
nature of the model. ' Consequently, volume is deter-
mined by an integrative method in which a bubble is
divided into segments, the volumes of which can be
approximated if they are assumed to be circular
disks. The sums of the volumes of the disks produce
the total volume. The volume directly over the
bubble base is obtained by assuming that the volume
is a right circular cylinder with a segment of a
sphere as a cap.

The center of mass of a bubble used to describe
its motion is determined from the location of the
plane parallel to the heater surface which divides
the bubble in half with respect to its total volume.

BUBBLE FORCES

General. - An analytical investigation of the
dynamics of a bubble on & heated surface results in
the identification of buoyancy, surface tension,
pressure, drag, and dynamic forces. The force
associated with the vapor weight is neglected because
the experimental conditions are such that 1t is very
small. However, for all fluids near the critical
thermodynamic state and for some fluids that do not
have a large difference between liquid and vapor
density, such as hydrogen, this force is large
enough to be included.

Buoyency force. - Buoyancy on an cobject submerged in
a liquid is caused by the difference between the
external hydrostatic pressure force on its top sur-
face and the external hydrostatic pressure force on
its bottom surface. Therefore, for a bubble attached
to a heated surface, the volume of the bubble direct-
ly over the base does not generate a buoyant force
because of the lack of 1iquid beneath the base;
therefore, the buoyancy force, as derived in refer-
ence 7, is

Fp = (V - Ve, fg (1)

and it acts in a direction opposite to the acceler-
ation due to gravity.

Surface tension force. - A surface tension force is

generated at the boundary of a liquid and some
other substance, such as a vapor or a solid.
Therefore, such a force exists at the base of =
bubble attached to the heater surface at the
boundary of the iliquid, vapor, and solid surface
The direction of this force is perpendicular to the
boundary and in the plane of the liquid-vapor in-
terface. Surface tension is defined as the ratio
of the surface force to the length along which the
force acts, which, for an attached bubble, is

F
Og = ESJ; (2)

The horizontal component of the force is cancelled
out around the circumference of the bubble base and
only the vertical component remsins, such that

Fsy = ogD sin @ (3

The contact angle, ¢, is the angle at the base be-
tween the liquid-vapor Interface and the heater
surface, as shown in figure 1. This force retards
the movement of a bubble from the surface.

Pressure force. - The net force dque to the uniform
pressure on a bubble surface is zero for a bubble
surrounded by liquid. For a bubble attached to a
surface, however, the net internal pressure force

on the spherical surface area directly over the
base is unbalanced. Because the pressure is greater
inside the bubble than outside, the force acts to
remove the bubble from the surface. The detailed
derivation of this force in reference 7, ylelds

1
FP='2-—'——U (4:)

Drag force. - Viscous effects on a bubble are con-
cerned with the motion of the liquid which surrounds
the bubble; therefore, s knowledge of the liquid
flow fields is necessary. In reference 7 it was
observed that during the growth of a bubble the
liquid flow is similar to a source type. Comparison
of the viscous and liquid inertia terms in the
equation of motion, as presented in reference 8, in-
dicate that for this flow condition the viscous
terms may be neglected.

During collapse of a bubble there was evidence of
flow around the liquid vapor interface. Conse-
guently, the viscous cffcets mey be represented in

the form of & drag force,

[sh
FDr = lzp.lﬂR E
as derived in reference 7.

amic force. - The last force to be considered is
termed the dynamic force This force is asso-

ciated with effects on the bubble caused by the




dynamics of the bubble and the liguid flow field
surrounding the bubble. The nature of this dynamic
force has not been clearly defined so that direct
formulation is speculative. Therefore, in this
work, the force is obtained by applying Newton's
second law of motion to the generated vapor masses,
or

F= z%s (M v) : (9)

If it is assumed that the positive force direction
is that of increasing y, as shown in figure 1, the
left side of equation (9) may be expanded in terms
of the identified forces:

FB+FP-Fsy-FDr+FDy=%(MVv) (20)

If, at any instant, & bubble is considered to be a
rigid body whose motion is described by the movement
of its center of mass, the inertia side of the
equaticn may be expanded in terms of measurable

quantities such that
ov {4V dy a%y
FB + FP - FS -F +Fy == (;— ==+ V ———)

¥ Dr Dy gc
— == (11)

When the bubble is observable on the surface, the
absolute pressure changes within the bubble are
small, so that the change of vapor density with time
may be considered negligible. Therefore, when the
last term on the right in equation (11) is dropped
and the equation is solved for the dynamic force,

Py [av ay d
FDy == 8—'c <_GE E + VvV 'd%§>+FDr+FSy- FB" FP (12)

APPARATUS, EXPERIMENTAL PROCEDURE,
AND DATA REDUCTION

The zero gravity data was obtained in a drop tower
(fig. 2) by allowing the experiment package to
undergo an 85-foot unguided free-fall. A gravity
level of less than 10-5 g, (termed zero gravity in
this work) resulted by having the packege fall in a
protective air drag shield. Deceleration occurred
after 2.25 seconds when wooden spikes mounted to the
drag shield, imbeded in a box of sand. The exper-
iment package contained a boiling apparatus, camera
and lighting equipment, power supplies and asso-
ciated controls. Within the boiling apparatus were
a strip heater (a chromel strip with an effective
heating length of 0.50 in.), a secondary heater
vhich was used to control the temperature of the
bulk of the liguid, a thermistor to monitor the bulk
temperature, and a temperature sensing device on the
underside of the primary heater. The 16 mm motion
picture camera provided a filming rate of approxi-
mately 6500 pictures per second.

Prior to a data run, the glassware was cleaned and
the primary heater was polished and rinsed with
Ethanol. The test liquid was deaerated by boiling
prior to its insertion in the boiling apparatus.
After filling the boiler and raising the package to
the tap of the drop tower, the test liquid was

heated to its approximate saturation tcmperaturc
with the secondary heater. Power to this heater
was removed and the strip heater was turned oa and
set at a power level that initiated boiling. Be-
cause the heat input by the strip heater was not
sufficient to maintain saturation conditions, the
bulk cooled to the selected subcooling. The power
level to the strip heater was then increased to the
desired level and the package dropped. Motion
pictures were taken during the last 1.25 seconds of
zero gravity time. Normel gravity testing was the
same as just described with the addition of moni-
toring the temperature sensing device mounted
beneath the strip heater.

The bubbles recorded on the 100 foot rolls of film
were viewed, measured, and counted on a motion
analyzer that megnified the image eight times. A
statistical analysis involved the recording of
bubble lifetime and maximum radius for as many as
fifteen bubbles at each test condition. Because of
the large volume of work required, a computer was
used to perform the calculations for the force
analysis.

For a more detailed description of the above de-
scribed equipment snd procedures, see refer-
ences 7 and 8.

RESULTS AND -DISCUSSION
Bubble Characteristics

The primary purpose of the work of the authors has
been to determine the effect of gravity on boiling
under conditions in which the formation and depar-
ture of individusl bubbles on a heated surface
dominated the heat transfer mechanism. Therefore,
one of the characteristics studied statistically was
the maximum radii bubbles attained while they were
gttached to the surface. This was investigated for
a range of subcoolings and heat transfer rates and
for various fluid properties.

For water at high subcooling, little difference was
evident between the normal and zero gravity results
as shown in figure 3(a). However, for low subcool-
ing there was a trend to larger bubbles in zero
gravity than in normal gravity. In fact, for the
lowest subcooling in zero gravity, it appeared that
a transition out of the discrete bubble region was
taking place because of the considersble amount of
coalesence that occurred.

The effects of a reduction in surface tension were
investigated by testing a liquid (an ethanol-water
solution) with a surface tension approximately

30 percent that of water. The density and viscosity
of this solution were spproximately the same as that
for water. The results along with those for water
are shown in figure 3(b). Congidering the data at
approximately 44 000 Dtu/hr-f1%, it is evident that,
unlike water, there was little difference between
the normal and zero gravity data at all the subcool-
ings tested.

Lastly, the effect of heat transfer rate for the
ethanol-water soluticon 1s also indicated in fig-
ure S(b). No effect of gravity as a function of
heat transfer rate is evident. However, it should
be noted that no data is presented for the higher
heat transfer rates at low subcooling in zero



gravity. The predominance of coalesence due to

{1) the relatively high population density and

(2) the fact the bubbles lingered in the vicinity of
the surface after separation suggests that a trans-
tion out of the discrete bubble region was occurring.

Another characteristic which was investigated
statistically was bubble lifetime, or the time a
bubble remained attached to the surface. “The
results of the effect of gravity as a function of
subcooling, surface tension and heat transfer rate
on bubble lifetime were similar to the findings of
the maximum radii study, as shown in figure 4.

The statistical data suggests that gravity in-
dependent boiling occurred for high subcooling with
all the test liquids and for low subcooling at the
lower heat transfer rates with the ethanol-water
solution. However, before positive conclusions can
be drawn, a detalled study of the forces acting on
the bubbles is necessary in order to determine the
importance of gravity on the dynamics of the bubbles.

Discusgion of Forces

Effect of subcooling. - Force histories {plots of
force against time) for water are presented for high
and low subcooling in normal and zero gravity in
figure 5. At low subcooling, the relatively large
role of the buoyant force in normal gravity
necessitated the increase of the dynamic force in
zero gravity as compared to normal gravity to
effect bubble separation. Hence, this condition is
gravity dependent. In contrast, at high subcooling,
the unimportance of the buoyant force in normel
gravity accounts for the similar normal and zero
gravity histories. Therefore, from this force data
and the statistical results it may be concluded
that boiling is independent of gravity at high sub-
cooling.

Effect of viscosity. - In addition to testing a
liquid with a surface tension lower than water, one
was selected which had a viscosity approximately
ten times that of water, i.e., 60 percent sugar-
water solution. The surface tension and density of
this solution was approximately the same as that
for water. The statistical data for this liquid was
not presented earlier because the ultimate con-
clusions regarding its gravity dependence at the
different subcoolings were the same as for water.
However, dynamie effects caused by the difference
in viscosity are apparent from the force histories.
For water, the drag force was so small that it was
not even plotted, as shown in figure 6. Also in
this figure, the sucrose force histories indicate
that, although in normal gravity the drag was small
in relation to the buoyancy and dynamic forces,

in zero gravity near separation, the drag force had
a value comparable to the other foreces and must
have been a major factor in determining the
resuliant motion of the bubble.

Effect of surface tension. - The statistical
analysis indicated that, for the ethanol-water solu-
tion, similar bubble characteristics were obtained
in normal and zero gravity at comparable subcool-
ings. At high subcooling this is readily exlained
by the small role of the buoyancy force in normal
gravity. However, investigation of figure 7
reveals that at low subcooling there is a great
difference between the normal and zero gravity

histories. Apparently, at low subcooling, = chunge
or changes took place in zero gravity, in addition
to the effective absence of gravity, to enable the
bubbles to separate from the surface with approxi-
mately the same average maximum radius and lifetime
as was observed for normal gravity.

A difference that was evident between the water and
ethanol-water bubbles was that bubbles generated in
the latter were more spherical. A measure of the
distortion of the bubbles from spherical may be

- obtained from the absolute magnitude of the ratio of

the pressure force to the surface tension force.

For a perfect sphere, the value of this quantity is
unity. The ratio also reflects the relative
importance of the pressure force as a removal agent.
A plot of this distortlon parameter versus dimen-
sionless time (the ratio of real time to bubble
lifetime) in figure 8 indicates the more spherical
nature of the ethanol-water bubbles as compared to
those generated in water. It is also apparent that
at low subcooling, the ethanol-water bubbles in
zero gravity were more spherical than bubbles gen-
erated in the same liquid in normal gravity. There-
fore, the pressure force dominated bubble dynamics
for this liquid at high subcooling in both gravity
levels and low subcooling in zero gravity as shown
in figure 7.

SUMMARY OF RESULTS

An experimental study of the effects of gravity on
boiling from a flat horizontal surface and in the
heat flux range defined as the discrete bubble
region for various subcoolings, fluid properties,
and heat transfer rates yielded the following
results:

1. Boiling was independent of gravity at high
subcooling.

2. The -drag on a bubble generated in a liquid
of high viscosity in relation to water and in a
zero gravity enviromment was of importance near
separation. :

3. A reduction in surface tension from that of
water resulted in the averasge maximum radii and
lifetime characteristics of bubbles being similar in
normal and zero gravity.

4. The average maximum radii and lifetime
characteristics of bubbles generated in a liquid
with reduced surface tension compared to water
showed no dependence on heat transfer rate in either
normal or zero gravity.

5. For low subcooling, the transition from the
discrete bubble region occurred at a lower heat flux
in zero gravity than in normal gravity.

Addtional findings concerning hoiling in general are:
1. The newly defined pressure force was of
significance in determining the motion of a gen-

erated bubble.

2. Viscous effects on a bubble were negligible
during its growth.
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Figure 6. - Dynamics of a sucrose bubble and a water bubble at approximately
the same subcooling in normal and zero gravity.
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Figure 7. - Dynamics of bubbles in an ethanol-water solution at low and high
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